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We investigate the neutron and proton single particle (s.p.) potentials of asymmetric nuclear
matter and their isospin dependence in various spin-isospin ST channels within the framework
of the Brueckner-Hartree-Fock approach. It is shown that in symmetric nuclear matter, the s.p.
potentials in both the isospin-singlet T = 0 channel and isospin-triplet T = 1 channel are essentially
attractive, and the magnitudes in the two different channels are roughly the same. In neutron-rich
nuclear matter, the isospin-splitting of the proton and neutron s.p. potentials turns out to be mainly
determined by the isospin-singlet T = 0 channel contribution which becomes more attractive for
proton and more repulsive for neutron at higher asymmetries.
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I. INTRODUCTION
One of the main aims of nuclear physics is to determine
the equation of state (EOS) of nuclear matter and con-
strain effective nucleon-nucleon (NN) interactions. Nu-
cleon single particle (s.p.) potentials, especially their
isospin dependence in asymmetric nuclear matter are ba-
sic inputs for the dynamic simulations of heavy ion col-
lisions and are expected to play an important role in
constraining nucleon-nucleon (NN) effective interactions
in asymmetric nuclear matter[1]. The phenomenologi-
cal NN effective interactions such as the Skyrme and
Skyrme-like interactions play an important role in pre-
dicting the properties of finite nuclei [2–8], nuclear mat-
ter and neutron stars [9–12], nucleus-nucleus interaction
potential [13, 14] and fission barriers [15]. The parame-
ters of the effective interactions are usually constrained
by the ground state properties of stable nuclei and/or the
saturation properties of nuclear matter, and thus they are
shown to be quite successful for describing nuclear phe-
nomena related to nuclear system not far from the normal
nuclear matter density (ρ0 = 0.17fm
−3) at small isospin-
asymmetries. However, as soon as the density deviates
from the normal nuclear matter density and the isospin-
asymmetry becomes large, the discrepancy among the
predictions of the Skyrme-Hartree-Fock (SHF) approach
by adopting different Skyrme parameters could be ex-
tremely large [16, 17]. As for the isospin dependence of
nucleon single-particle properties, different Skyrme pa-
rameters may lead to an opposite isospin splitting of the
neutron and proton effective masses in neutron-rich nu-
clear matter even at densities around ρ0 [18]. In order to
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improve the predictive power of the Skyrme interaction
at high densities and large isospin asymmetries, some
work was done in recent years to constrain the Skyrme
parameters by fitting the bulk properties of asymmetric
nuclear matter obtained by the SHF approach to those
predicted by microscopic many-body theories. For ex-
ample, in Ref. [19] Chabanat et al. proposed a num-
ber of sets of Skyrme parameters by reproducing the
equation of states (EOSs) of symmetric nuclear matter
and pure neutron matter predicted by the microscopic
variational approach [20]. In Ref. [21], the authors con-
structed the LNS parameters for the Skyrme interaction
by fitting to the EOS of asymmetric nuclear matter and
the neutron/proton effective mass splitting in neutron-
rich matter around saturation density obtained within
the Brueckner-Hartree-Fock (BHF) approach extended
to include a microscopic three-body force (TBF) [22, 23].
Although these recent parametrizations of Skyrme inter-
action can reproduce fairly well the EOSs of symmet-
ric nuclear matter and pure neutron matter predicted
by microscopic approaches(variational method and BHF
approach), the deviation from the microscopic results is
shown to become significantly large even for symmetric
nuclear matter as soon as the EOS is decomposed into
different spin-isospin channels [18], and what is more, the
single particle (s.p.) properties (especially their isospin
and momentum dependence) obtained by the Skyrme-
Hartree-Fock calculation could be significantly different
from the predictions of microscopic approaches.
In Ref. [32], we investigated the EOS of asymmetric
nuclear matter and its isospin dependence in various spin-
isospin ST channels within the framework of the micro-
scopic BHF approach. In the present paper, we shall
extend our work to study the proton and neutron s.p.
potentials in different spin-isospin channels for a deeper
understanding of the mechanism of the isospin depen-
dence of the nuclear matter properties and for providing
2more elaborate microscopic constraints for effective NN
interactions. We shall discuss particularly the isovector
part and the isospin dependence of the neutron and pro-
ton s.p. potentials in asymmetric nuclear matter in dif-
ferent spin-isospin ST channels.
II. THEORETICAL APPROACHES
Our present investigation is based on the Brueckner
theory [24]. The Brueckner approach for asymmetric nu-
clear matter and its extension to include a microscopic
TBF can be found in Refs. [22, 25]. Here we simply give
a brief review for completeness. The starting point of the
BHF approach is the reaction G-matrix, which satisfies
the following isospin dependent Bethe-Goldstone (BG)
equation,
G(ρ, β, ω) = υNN + υNN
×
∑
k1k2
|k1k2〉Q(k1, k2)〈k1k2|
ω − ǫ(k1)− ǫ(k2)
G(ρ, β, ω),(1)
where ki ≡ (~ki, σ1, τi), denotes the momentum, the z-
component of spin and isospin of a nucleon, respectively.
υNN is the realistic NN interaction, and ω is the start-
ing energy. The asymmetry parameter is defined as
β = (ρn − ρp)/ρ, where ρ, ρn, and ρp denote the total,
neutron and proton number densities, respectively. In
solving the BG equation for the G-matrix, the continu-
ous choice [26] for the auxiliary potential U(k) is adopted
since it provides a much faster convergence of the hole-
line expansion than the gap choice [27]. Under the con-
tinuous choice, the auxiliary potential describes the BHF
mean field felt by a nucleon during its propagation in nu-
clear medium [28].
The BG equation has been solved in the total angu-
lar momentum representation [25]. By using the stan-
dard angular-averaging scheme for the Pauli operator and
the energy denominator, the BG equation can be decou-
pled into different partial wave α = {JST } channels [29],
where J denotes the total angular momentum, S the to-
tal spin and T the total isospin of a two-particle state.
For the NN interaction, we adopt the Argonne V18
(AV18) two-body interaction [30] plus a microscopic
based on the meson-exchange current approach [31]. The
parameters of the TBF model have been self-consistently
determined so as to reproduce the AV18 two-body force
by using the one-boson-exchange potential model [22].
The TBF contains the contributions from different in-
termediate virtual processes such as virtual nucleon-
antinucleon pair excitations, and nucleon resonances ( for
details, see Ref. [31]). The TBF effects on the EOS of nu-
clear matter and its connection to the relativistic effects
in the DBHF approach have been reported in Ref. [22].
The TBF contribution has been included by reducing
the TBF to an equivalently effective two-body interaction
via a suitable average with respect to the third-nucleon
degrees of freedom according to the standard scheme [31].
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FIG. 1: Decomposition of the neutron (the dash-dotted
curves) and proton (the dashed curves) s.p. potentials into
various spin-isospin ST channels in asymmetric nuclear mat-
ter at density ρ = 0.17fm−3 and isospin-asymmetry β = 0.6.
The results for symmetric matter are also shown by the solid
curves for comparison.
The effective two-body interaction v˜ can be expressed in
r-space as[22]
〈~r1~r2|v˜|~r
′
1 ~r
′
2 〉 =
1
4
Tr
∑
n
∫
d~r3d~r
′
3 φ
∗
n(~r
′
3 )(1− η(r
′
23))
×(1− η(r′13))W3(~r
′
1 ~r
′
2 ~r
′
3 |~r1~r2~r3)(1− η(r13))
×(1− η(r23))φn(r3)
(2)
where the trace is taken with respect to the spin and
isospin of the third nucleon. The function η(r) is the
defect function. Since the defect function is directly de-
termined by the solution of the BG equation[31], it must
be calculated self-consistently with the G matrix and the
s.p. potential U(k)[22] at each density and isospin asym-
metry. It is evident from Eq.(2) that the effective force
v˜ rising from the TBF in nuclear medium is density de-
pendent. A detailed description and justification of the
method can be found in Ref. [31].
III. RESULTS AND DISCUSSION
In Fig. 1 we display the neutron (the dash-dotted curves)
and proton (the dashed curves) s.p. potentials in var-
ious spin-isospin channels of ST = 00, 10, 01, 11, and
T = 0, 1 at a density of ρ = 0.17fm(−3) and an isospin-
asymmetry of β = 0.6. Shown in Fig. 2 are the results
for ρ = 0.34fm−3. In the two figures, the s.p. poten-
tials in symmetric nuclear matter are also plotted (solid
lines) for comparison. It is seen that in symmetric nu-
clear matter, the s.p. potentials in the isospin-singlet
3T = 0 channel and in the isospin-triplet T = 1 chan-
nel are attractive and are compatible in magnitude. One
may notice that the contributions in the two even chan-
nels (ST = 10 and ST = 01) are considerably larger in
magnitude than those in the two odd channels (ST = 00
and ST = 11). Consequently, the attraction in both the
T = 0 and T = 1 channels mainly come from the two
even channels. In asymmetric nuclear matter, the neu-
tron and proton s.p. potentials will split (i.e. become dif-
ferent) with respect to their common values in symmetric
nuclear matter. It can be seen that the splitting of the
proton and neutron s.p. potentials is much larger in the
isospin-singlet T = 0 channel than that in the isospin-
triplet T = 1 channel. And thus the splitting is domi-
nated by the isospin-singlet T = 0 channel. This result is
consistent with the prediction for the EOS of asymmet-
ric nuclear matter in [23, 25] where it is shown that the
isovector part of the EOS of asymmetric nuclear matter is
determined by the contribution from the T = 0 channel.
As the isospin-asymmetry increases, the proton potential
in the ST = 10 channel becomes more attractive and the
neutron one in the ST = 10 becomes less attractive. The
isospin-asymmetry dependence of the proton and neu-
tron potentials in the ST = 00 channel turns out to be
opposite to that in the ST = 10 channel. The isospin de-
pendence of the proton and neutron potentials in the two
isospin-triplet (ST = 01 and ST = 11) channels is quite
weak. At densities around the nuclear saturation density
ρ = 0.17fm−3, the attraction decreases for the proton
s.p. potential and increases for the neutron s.p. poten-
tial slightly in the T = 1 channel as the asymmetry in-
creases. At a high density (ρ = 0.34fm−3), the attraction
in the T = 1 channel becomes slightly smaller for both
proton and neutron at a higher asymmetry. It is also seen
from Fig. 1 and Fig.2 that the isospin dependence of the
neutron and proton s.p. potentials in the T = 0 chan-
nel becomes weaker as the momentum increases, which
responds for the repaid decreasing of nuclear symmetry
potential as a function of momentum [23].
To see more clearly the isospin dependence of the s.p.
potentials in asymmetric nuclear matter, we show in Fig.
3 the contribution to nuclear symmetry potential from
different ST channels at two densities ρ = 0.17fm−3
and 0.34fm−3. The symmetry potential is defined as:
Usym = (Un − Up)/(2β). It describes the isovector part
of the neutron and proton s.p. potentials in neutron-
rich nuclear matter and is crucial for predicting the
isospin observables in heavy ion collisions at medium and
high energies [1, 23]. Symmetry potential is defined as:
Usym = (Un − Up)/2β. It describes the isovector part
of the s.p. potential and is crucial for predicting the
isospin observables in heavy ion collisions at medium and
high energies [1]. The symmetry potential in the isospin-
singlet channel (T = 0) is shown to be positive, while
that in the isospin-triplet channel T = 1 is negative.
From Fig. 3, one may see again that the contribution
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FIG. 2: The same as Fig. 1 but for a density ρ = 0.34fm−3 .
from the T = 0 channel is much larger in magnitude than
that from the T = 1 channel especially at low momenta,
which indicates that the momentum-dependence of the
isovector part of nucleon s.p. potential in neutron-rich
nuclear matter is governed by the contribution from the
T = 0 channel. The positive symmetry potential in the
isospin-singlet T = 0 channel implies that it is repulsive
on neutrons and attractive on protons in the momentum
range considered here. In the T = 0 channel, the contri-
bution from the odd partial wave ST = 00 channel is neg-
ative, while the contribution from the even partial wave
ST = 10 channel is positive. At relatively low momenta,
the contribution from the ST = 10 channel turns out to
be much larger in magnitude than that in the ST = 00
channel. As a consequence, the contribution from the
even partial wave ST = 10 channel dominates the sym-
metry potential in the T = 0 channel and it determines
the total symmetry potential to a large extent. It is also
noticed that the symmetry potential in the T = 0 chan-
nel is almost independent on density, while the symmetry
potential in the T = 1 channel becomes slightly larger at
a higher density. In the T = 0 channel, the symmetry
potential is a decreasing function of momentum and the
decreasing rate is almost completely determined by the
contribution from the even channel ST = 10.
In symmetric nuclear matter, the present investigation
shows that the contribution from the isospin-singlet T =
0 channel is almost the same as the contribution from
the isospin-triplet T = 1 channel, indicating that both
the interactions between the like nucleons (i.e., neutron-
neutron and proton-proton) and between the unlike nu-
cleons (neutron-proton) play a decisive role in determin-
ing the isoscalar properties of nuclear matter. In asym-
metric nuclear matter, it is found that the isovector part
of the s.p. potential stems mainly from the T = 0 chan-
nel, implying that the isospin-dependence of the s.p. po-
tential in asymmetric nuclear matter is governed by the
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FIG. 3: Decomposition of nuclear symmetry potential into
various spin-isospin channels for two values of density ρ = 0.17
and 0.34fm−3 , respectively.
interaction between proton and neutron. We also checked
that the contribution of the T = 0 channel stems al-
most completely from the contribution of the T = 0 ten-
sor SD coupled channel, while the contributions of the
other isospin-singlet T = 0 channels cancel almost com-
pletely. On the one hand, the above result reveals an
microscopic mechanism of the symmetry potential. In
asymmetric nuclear matter (for example, β = 0.6), the
neutron number is greater than the proton number. As
a result, a neutron may feel less interaction from sur-
rounding protons and a proton may feel stronger inter-
action from surrounding neutrons in asymmetric nuclear
matter as compared with the case of symmetric nuclear
matter. Consequently, the effect of the symmetry po-
tential (i.e., the isovector part of the s.p. potential) is
repulsive on neutrons and attractive on protons due to
the attraction of the tensor SD coupled channel. On
the other hand, the present result on the s.p. potential
is consistent with our previous conclusion for the EOS
of nuclear matter[32]. Therefore, we may conclude that
both the isospin-dependence of the s.p. potential and
the EOS of asymmetric nuclear matter are determined
mainly by the contribution of the T = 0 channel, im-
plying a direct correspondence between the symmetry
potential and symmetry energy. In the transport models
for heavy ion collisions, the direct input is the symmetry
potential rather than the symmetry energy. The present
result confirms that one can use the transport model sim-
ulation to extract the information of symmetry energy by
comparing the isospin observables from experiments.
IV. SUMMARY
In the present paper, we have extended our previous
work of Ref.[32] and investigated the proton and neu-
tron s.p. potentials in isospin asymmetric nuclear matter
by decomposing the potentials into various spin-isospin
ST channels within the framework of the BHF approach
extended to include a microscopic three-body force. In
symmetric nuclear matter, the s.p. potentials in both
isospin-singlet T = 0 and isospin-triplet T = 1 channels
are attractive and they are comparable in magnitude.
In asymmetric nuclear matter, the isospin-dependence of
the s.p. potentials in the T = 1 channel turn out to be
quite weak as compared with the s.p. potentials in the
T = 0 channel. As a consequence, the isovector part of
the proton and neutron s.p. potentials is shown to be es-
sentially determined by the contribution from the T = 0
channel in consistence with the conclusion obtained for
the EOS of nuclear matter[32]. The symmetry poten-
tial has also been decomposed into various spin-isospin
channels. It is shown that the symmetry potential in the
T = 0 channel is much larger than that in the T = 1
channel at not too high momenta, and the momentum
dependence of the symmetry potential is governed by the
contribution from the T = 0 channel.
The present results are expected to provide some mi-
croscopic information for constraining the isospin depen-
dence of effective nucleon-nucleon interactions in asym-
metric nuclear medium.
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